Increased gluconeogenesis (GNG) has been suggested to contribute to protein-induced satiety via modulation of glucose homoeostasis. The objective was to determine GNG and appetite in healthy human subjects after a high-protein v. a normal-protein diet and to assess whether GNG contributes to protein-induced satiety. A total of twenty-two healthy subjects (ten men and twelve women: age 23 (SEM 1) years, BMI 22·1 (SEM 0·5) kg/m 2 ) received an isoenergetic high-protein (30/0/70 % of energy from protein/carbohydrate/fat) or normal-protein diet (12/55/33 % of energy from protein/carbohydrate/fat) for 1·5 d in a randomised cross-over design. Appetite ratings were measured using visual analogue scales (VAS); endogenous glucose production and GNG were measured via infusion of [6, H 2 ]glucose and ingestion of 2 H 2 O. Moreover, fasting glucose and b-hydroxybutyrate concentrations were measured. Glycogen stores were lowered at the start with a glycogen-lowering exercise test. During the high-protein compared with the normal-protein diet, GNG was increased and appetite was suppressed (GNG: 148 (SEM 7) v. 133 (SEM 6) g/24 h, P,0·05; and 24 h area under the curve for hunger: 694 (SEM 46) v. 1055 (SEM 52) mM VAS £ 24 h, P, 0·001; fullness: 806 (SEM 59) v. 668 (SEM 64) mm VAS £ 24 h, P,0·05; desire to eat: 762 (SEM 48) v. 1004 (SEM 66) mm VAS £ 24 h, P,0·001). There was no correlation between appetite ratings and GNG. Glucose concentration was lower (4·09 (SEM 0·10) v. 4·89 (SEM 0·06) mmol/l, P,0·001) and b-hydroxybutyrate concentration was higher (1349 (SEM 139) v. 234 (SEM 25) mmol/l, P, 0·001) after the high-protein compared with the normal-protein diet. In conclusion, after a high-protein diet, GNG was increased and appetite was lower compared with a normal-protein diet; however, these were unrelated to each other. An increased concentration of b-hydroxybutyrate may have contributed to appetite suppression on the high-protein diet.
Relatively high-protein diets have been shown to affect both sides of the energy balance, i.e. energy intake and energy expenditure, thereby providing a strategy for weight loss and weight maintenance after weight loss. One of the effects of a relatively high protein intake is an increased postprandial and post-absorptive satiety (1) . An amino acid-induced increase in gluconeogenesis (GNG) has been suggested to be one of the processes that contributes to protein-induced satiety (2, 3) . Azzout-Marniche et al. (4) have shown that when increasing the dietary protein content in rats, the enzyme phosphoenolpyruvate carboxykinase was up-regulated in the fasted as well as in the fed state, whereas glucose 6-phosphatase was up-regulated in the fasted state and down-regulated in the fed state. This suggests that hepatic GNG is stimulated by a high-protein diet. GNG may be involved in the satiating effect of protein through a modulation of glucose homoeostasis and glucose signalling to the brain (3) . Peripheral glucoreceptors are able to send a satiety signal to the brain via the vagal nerve (5) .
Moreover, transient blood glucose declines have been shown to be related to the signal of meal initiation (6, 7) . Thus, an amino acid-induced GNG may prevent a decrease in glycaemia and thereby contribute to satiety.
So far, no studies have been conducted in healthy human subjects to test the hypothesis that increased GNG contributes to increased satiety with a high-protein diet. GNG in humans is thought to remain relatively stable in varying metabolic conditions (8) . However, a high-protein diet, especially in the absence of carbohydrates, may stimulate GNG (9) . The objective of the present study was to determine GNG and appetite ratings in human subjects who consumed a high-protein v. a normal-protein diet and to assess whether GNG contributes to protein-induced satiety. To obtain the same baseline condition and to contrast the effects of the two diets, body glycogen stores were lowered beforehand by means of an exhaustive glycogen-lowering exercise test.
Subjects and methods

Subjects
A total of twenty-two healthy subjects (ten men and twelve women: age 23 (SEM 1) years, BMI 22·1 (SEM 0·5) kg/m 2 )
were recruited by advertisements placed on notice boards at the university. All subjects underwent a medical screening and were in good health, non-smokers, not using medication and at most moderate alcohol users (# 10 times/week). The study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving human subjects were approved by the Medical Ethics Committee of the Maastricht University Medical Centre. Written informed consent was obtained from all participants. The study was conducted between September 2007 and July 2008.
Study design
The study had a single-blind, randomised, cross-over design.
The subjects came for two experimental sessions conducted 8 weeks apart to preclude influences of enrichment derived from the previous experiment and influences of the menstrual cycle. All female subjects reported that they had a regular menstrual cycle of about 28 d. The subjects were consuming either a high-protein, carbohydrate-free diet or an isoenergetic normal-protein diet in energy balance for 1·5 d in a randomised order while staying in a respiration chamber at the university. On both occasions, after a basal blood sample was taken to determine natural abundance, the session started with an exhaustive glycogen-lowering exercise test based on each subject's individual maximal power output (W max ) in the afternoon (day 1). Appetite ratings were measured on day 2. GNG was measured in the post-absorptive state in the morning of day 3. Fig. 1 shows the flow chart of an experimental session.
Glycogen-lowering exercise test
At the screening visit, the subjects performed an incremental exhaustive exercise test according to the protocol of Kuipers et al. (10) on an electronically braked cycle ergometer (Lode Excalibur, Groningen, The Netherlands) to determine W max , which was 258 (SEM 11) W. Both the experimental sessions started with a glycogen-lowering exercise test in the afternoon of day 1. After a warming-up at 50 % of their W max for 5 min, the subjects cycled for 2 min at 90 % of their W max followed by 2 min at 50 % of their W max . This was repeated until the subjects were no longer able to maintain the high-intensity exercise. The maximal intensity was then lowered to 80 % of W max. When this intensity also could no longer be maintained, the maximal intensity was decreased to 70 % of W max . The test was ended after exhaustion (11) . The subjects were allowed to consume water during the exercise test. Heart rate was monitored continuously during the exercise with a Polar Sport tester (Polar, Kempele, Finland).
Energy balance
During each experimental session, the subjects were fed in energy balance. As no actual data on BMR were available at the start of the first session, the energy content of the first dinner and breakfast of the first experimental session was based on the BMR, as calculated with the equation of Harris & Benedict (12) , multiplied by an activity index of 1·35. Subsequently, the appropriate level of energy intake to attain energy balance in the respiration chamber was based on the sleeping metabolic rate measured during the first night, multiplied by an activity index of 1·35. Sleeping metabolic rate was defined as the lowest mean energy expenditure measured over three consecutive hours between 00.00 and 06.00 hours. There was no significant difference between the estimated and the measured metabolic rate (6·85 (SEM 0·22) and 6·75 (SEM 0·21) MJ, respectively). Energy expenditure was calculated from the measurements of O 2 consumption, CO 2 production and urinary N excretion in the respiration chamber using the formula of Brouwer (13, 14) . Urinary N excretion was measured from 19.00 hours on day 1 untill 07.00 hours on day 2. The samples were collected in containers with 10 ml H 2 SO 4 to prevent N loss through evaporation. Volume and N concentration were measured, the latter using a nitrogen analyser (Elemental Analyzer, CHN-O-Rapid, Heraeus, Wellesley, MA, USA). Energy intake was 9·14 (SEM 0·28) MJ/d. The macronutrient composition of the high-protein and normal-protein diets was 30/0/70 and 12/55/33 % of energy from protein/carbohydrate/fat, respectively. Energy intake was divided over the meals as 20 % for breakfast (08.00 hours), 40 % for lunch (13.00 hours) and 40 % for dinner (18.00 hours). The energy content of the meals was adjusted to the energy requirements of the individual. The quantity of each food item was calculated keeping the macronutrient composition of the meals the same for all subjects, but adjusting the quantity of food items per subject. The subjects had to eat all the food they were offered. The average energy content per meal was 1·83 (SEM 0·10), 3·66 (SEM 0·16) and 3·66 (SEM 0·16) MJ for breakfast, lunch and dinner, respectively. Dinner on days 1 and 2 was the same. The subjects did not eat any more after dinner on day 2 until the end of the experiment on day 3. A detailed composition of the diets is presented in Table 1 .
Appetite ratings
Appetite ratings (hunger, fullness and desire to eat) were measured using 100 mm visual analogue scales anchored with 'not at all' and 'extremely'. The subjects were instructed to rate themselves by marking the scale at the point that was most appropriate to their feeling at that time. 21 .00 and 22.00 hours on day 2. For the calculation of the 24 h area under the curve, the visual analogue scale ratings were interpolated from the latest measurement at night until the first measurement in the morning (15) . H at the C5 position of glucose. The details of these enrichment measurements have been reported previously (17) . Endogenous glucose production was calculated by dividing the infusion rate of [6, H 2 ]glucose by the resulting M þ 2 tracer-to-tracee ratio of plasma aldonitrile pentaacetate glucose after correction for natural abundance. The fractional GNG was calculated by dividing 2 H enrichment at the C5 position of glucose by plasma 2 H 2 O enrichment. The absolute rate of GNG was calculated by multiplying fractional GNG by glucose production. A mean value of the three values obtained at 130, 140 and 150 min after the start of infusion was calculated.
Gluconeogenesis
Glucose and b-hydroxybutyrate concentrations
Blood was distributed into an EDTA tube for the measurement of glucose and b-hydroxybutyrate concentration. Blood samples were centrifuged at 48C for 10 min at 3000 rpm and plasma was stored at -808C until further analysis. Plasma glucose concentrations were measured using the hexokinase method (Glucose HK 125 kit, ABX diagnostics, Montpellier, France). Plasma b-hydroxybutyrate concentration was measured according to the protocol of Moore et al. (18) using a semi-automated centrifugal spectrophotometer (Cobas Fara, Roche Diagnostics, Basel, Switzerland) (18) . 
Results
Gluconeogenesis
GNG was increased when subjects were on the high-protein diet compared with when subjects were on the normal-protein diet (P,0·05, Fig. 2 ).
Appetite ratings
The 24 h area under the curve of hunger ratings was decreased when subjects were on the high-protein diet compared with when subjects were on the normal-protein diet (P,0·001, Fig. 3 ). The 24 h area under the curve of the fullness ratings was increased when the subjects were on the high-protein diet compared with when the subjects were on the normalprotein diet (P,0·05, Fig. 3 ). The 24 h area under the curve of desire-to-eat ratings was decreased when the subjects were on the high-protein diet compared with when the subjects were on the normal-protein diet (P,0·001, Fig. 3 ). Thus, hunger and desire to eat were decreased whereas fullness was increased, i.e. appetite was lower, after the high-protein diet compared with the normal-protein diet.
When the subjects were on the high-protein diet, there was no correlation between appetite ratings and GNG. Moreover, there was no correlation between appetite ratings and GNG when the subjects were on the normal-protein diet. With respect to the difference between the high-protein and a normal-protein diet, there was no correlation between the difference in appetite ratings and the difference in GNG.
Glucose and b-hydroxybutyrate concentrations
Glucose concentration was decreased when the subjects were on the high-protein diet compared with when the subjects were on the normal-protein diet (P, 0·001, Fig. 4) .
b-Hydroxybutyrate concentration was increased when the subjects were on the high-protein diet compared with when the subjects were on the normal-protein diet (P, 0·001, Fig. 4 ).
Discussion
GNG was increased and appetite was lower when healthy human subjects consumed a high-protein diet in comparison with the consumption of a normal-protein diet. However, there was no correlation between the appetite ratings and GNG in neither diet.
The hypothesis of the study was that increased GNG contributes to increased satiety on a high-protein diet. As glucoreceptors are able to send a satiety signal to the brain via the vagal nerve, stimulation of GNG could be involved in the satiating effect of protein through the modulation of glucose signalling to the brain (3, 5) . Although appetite was strongly suppressed by the high-protein diet, there was no correlation between GNG and appetite ratings. Thus, suppression of appetite on a high-protein diet cannot directly be attributed to increased GNG. This may relate to the observation that a decrease in glycaemia could not be prevented by an increased GNG. Although GNG was increased, plasma glucose concentration was lower after the high-protein diet than after the normal-protein diet. Thus, stimulation of glucoreceptors and subsequent signalling of satiety did not occur. The present study shows that a diet with a high protein content and without any carbohydrates did not stimulate GNG sufficiently to signal satiety. A high-protein diet with a relatively normal carbohydrate content may differently affect GNG and glucose homoeostasis. However, with such a diet, there is a lower need for endogenous glucose production because of the presence of exogenous glucose. Therefore, it is not to be expected that a high-protein diet with a normal carbohydrate content would stimulate GNG more than the high-protein diet without carbohydrates in the present study. Hence, it is unlikely that a high-protein diet with a relatively normal carbohydrate content will enhance satiety via increased GNG and modulation of glucose homoeostasis. Thus, the present study shows that protein-induced satiety over 24 h is not induced by increased GNG via the modulation of glucose homoeostasis and glucose signalling. Therefore, mechanisms other than amino acid-induced GNG are involved in protein-induced satiety. A previous study showed that increased concentrations of b-hydroxybutyrate and increased dietary fat oxidation, i.e. a ketogenic state, contribute to the appetite suppressive effect of a high-protein diet (19) . In the present study, the concentration of b-hydroxybutyrate was dramatically higher after the high-protein diet compared with the normal-protein diet. In rats, intra-cerebroventricular infusion or subcutaneous injection of b-hydroxybutyrate reduced food intake (20, 21) , and in human subjects several studies have shown increased concentrations of b-hydroxybutyrate coinciding with reduced appetite (22, 23) . Thus, the increased b-hydroxybutyrate concentration that was observed after the high-protein diet may have contributed to appetite suppression. Despite the absence of a direct effect, there may be an indirect or longer-term effect of GNG on protein-induced satiety. GNG has been previously shown to make a major contribution to increased energy expenditure on a high-protein diet (17) . Increased energy expenditure has been suggested to be one of the mechanisms for protein-induced satiety (2, 15) .
Thus, although GNG was shown not to be directly involved in protein-induced satiety, it may indirectly affect appetite by increasing energy expenditure.
In conclusion, in healthy human subjects, GNG was increased and appetite was suppressed after a high-protein diet compared with a normal-protein diet. However, increased GNG and suppressed appetite were unrelated to each other. An increased concentration of b-hydroxybutyrate may have contributed to appetite suppression on the high-protein diet.
